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1.0 


S UHMAR Y 


The objective of this proyram was to develop a 1 0 V'< 
'ON' resistance, high current Vertical 

Metal -Oxide-Semiconductor (VMUS) power Field-Effect- 
Transistor (FET). Specifically, the proyram objectives 
called for development and fabrication of a 200 Volt, 
0.1 ohm, 20 Ampere experimental VMOS power FET. 


Various MOSFET technologies v<ere analyzed with 
respect to four key parameters: 


* 'on* resistance (RuS(on)) 


* current (iD(on)) 

* breakdown (BVqss) 


* switching speed and 


^VHOS was selected based on the above criteria. 


D.C. parameters of VMOS FETs were then modeled. 
The study identified two major components of 'ON' re- 
sistance (ri)S(on))- channel resistance {rch),^'^^ drift 
resistance (cdp-jft). To lower rch, high packing density 
was required. This would also increase transconductance 
(gm). To lower rj^ift, which was sometimes the single 
most dominant component for '^0S(on)> additional 

factors were considered: one v/as the percentage utili- 

zation of the epitaxial (epi) cross-sectional area, the 
other was the use of lo'w epi resistivity and a thin epi 
layer to achieve the specified breakdown voltage. 


To maximize utilization of the epi cross-sectional 
area, the source, gate and drain electrodes were put on 
a different plane so that they could overlap one 
another. This was termed the "three-plane conduction 
concept. One way to implement this concept was to put 
the drain contact at the bottom of the chip, the source 
metal on top of the chip and the gate electrode of 
polysilicon sandv<iched in between. One practical vjay to 
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realize this sandwiched poly-yate was to arrange the 
V-grooves in what we termed K-structure. In this way no 
inactive silicon real estate was necessary for source 
bus bars and source bonding pads. Besides, the 
V-grooves could be arranged closer. The result was 
extremely high packing density with normal design rules. 


Placing of the source metal on top of the chip, in 
turn, caused one very important consequence: the 
current carrying capacity of metallization on the chip 
was increased tremendously. In fact, for normal 
operation, the current density in the source metal vjas 
not a limiting factor anymore. 


To use 1 ovi epi resistivity and tliin epi to achieve 
high breakdown voltage, a novel V-groove termination 
with source field plate (SFP) was developed. This 
termination scheme was supplemented by a recessed 
charge-control (RCC) ring to control surface ion 
spreading, thus ensuring device stability and 
rel i abi 1 i ty. 


The above features were incorporated into a test 
chip named VNTKI. With an active area of .01 cm2, an rus(on) 
of 2.5ft at 180V breakdown voltage was achieved. 


The final step was the fabrication of an experimental 
device named VNS. With an active chip area of 23,330 
mil2 or .145 cm2, the ratio of channel width (W) to 
channel length (z) approached three quarters of a million. 
Initial results showed that project goals were within 
reach: rDs(on) O'f *12ft and a BVqss o'*" 200V were achieved 

on separate waters. Switching speed of about 100 ns and 
pulsed drain current of 50A with lOV gate drive were also 
achieved. These initial results indicated a step-function 
improvement over the existing VnOS power FET designs. In 
fact, the era has come whereby VMOS power FETs are compet- 
ing very aggressively with bipolar power transistors in 
power handling capability on a chip size basis. 
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Z.Q INTRODUCTION 


The trend for future electrical pov^er processing 
systems is increased voltage and/or current (povier) 
levels with a faster switching speed. Availability of 
new and better power transistors is an important key to 
realizing this trend. In 1976, Siliconix of Santa 
Clara, California, announced and marketed commercially a 
nev< family of devices called VMOS power Fet's. This 
new device quickly established itself to be an important 
factor in the power transistor market. 


The device, being a MUSFET, is easy to drive and 
offered switching speeds in the nano second range. An 
experimental device also demonstrated that it was 
capable of blocking reverse breakdown voltages in the 
200 to 400 V range. The lower limits of drain to source 
'ON' resistance (rDS(on)) however, was left to be 
explored. The r[js(on) is an important parameter, as 
it determines directly the power dissipation of the 
switching device when the device is conducting high 
current. Exploring low 'ON' resistance per unit area 
was the goal of this program. 


This report documents the results of the first 15 
months of effort funded by NASA under contract number 
NAS3-21034. The primary objective of the program was to 
develop a design concept and a basic processing 
technique to explore the lower limits of HUSFET 'UN' 
resistance. The secondary objective was to determine 
the maximum current we could produce from the device. 
These objectives v/ere to be achieved in conjunction with 
comparable blocking voltage and switching speed. 


Specifically, the program called for the 
development and fabrication of experimental power MOSFET 
switching devices. The device would be capable of 
blocking at least 200 volts D.C. when OFF, switching 10 
amperes D.C. with a drop of 1 volt or less (ri)s(on) 

_<. in) when ON and operating at a switching speed of 
about 50 nano seconds. The above major specifications 
must be achieved with a reasonable and practical chip 
size. The key parameters used were, in order of 
i mportance : 
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1. 'Uil' resistance (r[)s(on)) per unit area 

2. Current {lu(on)) 

3. Voltage (BV^gs) 

4. Switching speed ( t and t „„ ) 

on oil ' 

You will find that throughout ttie report, the 
discussion is centered on these four key parameters. 


The strategy used to meet these objectives is as 
f ol 1 ows : 


First: Survey MOSFET technology in breadth and 

study vertical VHUS device modeling in depth. The 
purpose of this phase v<as to identify the best 

technology. Section 3.0 of this report entitled 

"Preliminary Technical Discussions" reports the reasons 
that the polysilicon gate VMOS process v<as selected. 


Second: Identify the critical problem areas. by 
means of test patterns, carry out an experimental 
investigation to verify and optimize the tradeoffs for 
the design concepts and processing technique proposed. 
Section 4.0 entitled " Po 1 ys i 1 i con-date VIiUS Process 
Development", covers the activities and results of this 
second phase. 


Third: Fabricate the experimental device using the 
design and process developed in the second phase. 
Section 5.0 entitled "Fabrication of Experimental Device 
(VNS)", covers the activities and initial results of 
this phase. 


By the time the second phase of the program was 
completed, it became apparent that 100% completion of 
phase 3 (which is design, fabrication and testingof 
experimental device) was too ambitious for the timing 
and funding the program originally planned. Therefore, 
it was agreed that phase 3 would be pursued to the point 


4 


where the initial results of the first wafer run could 
be evaluated. 

This report was designed to reflect the highly 
exploratory nature of this program. Great emphasis v/as 
placed on discussing the reasons behind the choice of 
the technology, and the results of feasibility studies. 
Areas such as manufacturability, reliability, packaging, 
characterization and circuit application were 
considered, but no specific efforts were investigated 
in these areas. Also, the reader's basic knowledge of 
the physics of operation and the fabrication technology 
of transistors and microc i rcui ts was assumed. 
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3.0 PRELIHINARY TECHNICAL CONSIDERATIONS 


This section begins our survey of fiOSFET 
technologies associated vnth power MUSFET switching 
devices. The d. c. VMOS model will then be described. 
The third topic of this section summarizes the reasons 
for selection of the VMUS technology. 


3.1 Survey of HOSFET technology. 


The objective of this task was to put the various 
MOSFET technologies in perspective so that the most 
promising technology could be selected to meet the 
objectives of this project. These technologies will be 
discussed with respect to the following major parameters 
with cost and reliability assumed to be comparable. 


1. 'ON' resistance 

2. Current 

3. Voltage 

4. Switching Speed 


Please note that discussion is restricted to the N-ch 
enhancement-mode MOSFET only. 

3.1.1 Conventional HOSFET 


The conventional HOSFET structure shovyn in Figure 
(1) has many inherent advantages. It is voltage 
controlled and has a high input impedance. Therefore, 
it is easy to drive. It is also inherently fast because 
it is a ma j or i ty -c ar r i er device. However, the source and 
the drain are delineated photol i thographi cal ly. 
Furthermore, the channel or body region has lower 
carrier concentration than that of the source and drain. 
Finally, all source, gate and drain contacts are on the 
same side of the chip. These three factors severely 
limit the structures' usefulness in power device 
application because of: 
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1. lov/ packing density leading to associated 

high 'ON' resistance and low current; 

2. lov^ voltage (typically 30-40V) breakdown; and, 

3. low power handling capability. 


GAIE 




T 


T 


(a) metal gate 


(b) sikccon gate 


Figure (1) Conventional HUSFET Structure 

(Lateral ) 


3.1.2 Offset-gate MOSFET 


To increase the breakdov;n voltage of a convention 
MOSFET, an offset-gate (or stacked-gate) was developed 
(ref. 1 and 2). In an attempt to get higher power, a 
vertical offset-gate MOSFET was also developed. See 
Figures 2 and 3, (ref. 3) 
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DRAIN 


SOURCE 



Figure (2) Offset-gate (lateral MUSFET) 


SOURCE GATE 



Figure (3) Offset-gate (vertical MOSFET) 





In this nev; structure, the source and drain are 
still delineated by photol i thoyraphy . Hiyher BVqss 
( approximately ZOOV) was achieved by haviny the yate 
offset from the drain and completing the channel with a 
lightly-doped impurity of proper dopant between the 
drain and the edge of gate region. Because the n+ drain 
was still in contact with the relatively lieavily- doped 
body region (approximately the 

maximum voltage capability was limited by junction 
breakdown. Therefore, it was concluded that an 
offset-gate MOSFET was suitable for medium BVyss 
medium rDs(on) applications only. 


A close 'cousin' of the offset-gate structure is 
the development of 200V lateral MOS svntch using a field 
plate and a floating intermediate drain, as shown in 
Figure (4) (ref. 7). 



Ai 

SiOg 


Si 


Figure (4) High Voltage MOSFET Switch Using 
Field Plate and a Floating Intermediate Drain 
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It can be seen in Figure (4) that this device is 
suitable for integrated- circuit applications. It has 
the same problem as other offset-gate structures in 
getting low rys(on) unit area. 


3.1.3 UHOS - (Double diffused HOS) 


A major milestone in the MOSFET development was the 
development of UMOS. (ref. 5) As the name implies, 
channel length v/as defined by the difference of two 
diffusion junction depths. Thus, a short channel length 
(approximately ly), and therefore high y^, could be 
obtained. 


One major feature of DMOS was the i ncorporati on of 
a lightly doped drift region which served as 'buffer' 
between body (channel) and drain contact. Incorporation 
of this drift region had many consequences. On the 
minus side, this had resulted in an additional component 
for rgs(on)* This additional component was called 

rdrift* plus side, channel length modulation 

vias kept to a minimum because the body was more heavily 
doped than the drift region. By the same reason, a high * 

BVqsS was possible because of higher punch-tfi rough 
and junction breakdown. The third advantage of having 
this drift region was lov/er junction capacitance 
resulting in faster switching speed. See Figures (5 and 
6 ) 
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Source 


Gote 


Droln 



P 


Figure (5) Lateral UMOS FET Structure 




source/body 



Figure (6) Vertical DM US FET 


3. 1. 4 VMOS 


Pioneered principally by Siliconix, vertical VMUS 
was similar to UMUS except for the V-groove notch. It 
was this V-groove notch, however, that has pushed the 
performance of MUS power FETs to a new frontier never 
attained before. By virtue of the V-groove notch, the 
short channel length wliich is approximately vertical to 
the surface plane of chip can be realized not only by a 
double diffusion, but also by a double epi as well. 
The latter has made threshold control as simple as v/ith 
the regular MUSFET.(ref. 6) It has also added 
flexibility in device fabrication. In addition, the 
V-groove notch results in lower rgs(on) because the 
vertical channel gives a shorter drift region for the 
carriers to travel. When operating in the linear 
region, the drift region underneath the V-groove gate is 
heavily accumulated. Thus, depending on the degree of 
V-groove penetration inside the drift region, the 
'effective drift region' is even shorter vihich gives 
lower rgs(on) in terms of lower rdrift. See 
Fi gure ( 7 ) . 



Figure (7) Vertical VMOS Power FET 


IZ 


VMOS technology can also take full advantage of 
several techniques used in bipolar technology to 
increase the breakdown voltage. Techniques such as mesa 
isolation, single or multiple field-limiting rings and a 
field plate (which help to push the junction breakdown 
to its theoretical limit) are possible with VMOS. 


3.1.5 VMOS Selection Summary 


From a power handling viewpoint, it is practical to 
eliminate all the lateral MGS approaches (i.e. source, 
gate and drain on the same side of the chip). From the 
>^DS(on) and voltage breakdown viewpoint, we can 
eliminate the vertical offset-gate approach. The 
remaining technologies, vertical UMUS and vertical VMOS, 
can achieve high breakdown voltage. However, wtien it 
comes to rgs(on) unit area, vertical VMOS has a 

decisive edge, the reasons are as follows: 


1. The carriers of DMOS have to travel 

through a longer drift region thereby 
incurring more resistance due to the 
drift region. 

2. For the same chip size, UMUS uses less 

epi cross-sectional area, thereby 
increasing the resistance (due to the 
drift region). 


By this method of elimination, we concluded that vertical 
VMOS stands the best chance to yet the lowest rus(on) 
per unit area. 
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3.2 iiasic Modeling of Critical Parameters (VHUS) 


Once the vertical VMUS technology 'w^s selected as 
the vehicle to achieve the intended device 
specification, the next step was to predict the critical 
parameters, and to optimize the trade-offs. 


The critical parameters are: 


1 . Threshold vol tage' ( ; 

>^DS(on) 3 nd g^ (Iu(on))i 

3. Breakdown voltage; and, 

4. Capacitances and switching speed. 


3.2.1 Threshold voltage: 


With about 2u of channel length, VMOS is physically 
a short-channel device. Due to the drift region, which 
can be of one to two orders-of-magni tude lower in 
carrier concentration than that of the channel or body 
region, we see none of the so-called "short channel 
effect". The reason is that when a voltage is applied 
to the drain, most of the depletion layer of FN junction 
extends into the drift region rather than into the 
channel region. So the body charge underneath the gate 
oxide is relatively unaffected. In other words, the 
threshold voltage is independent of drain voltage. This 
is confirmed by Figure ( 8 ) where the 'body effect' of 
VMOS is mea sure d . and we find that A is a linear 

function of 5 . Therefore, the classical Vj 
equation applies; and the threshold voltage at room 
temperature is calculated as follows: 
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1 / 

Qb = (2£si X £o X q (NA) 2 0f ) 

= -68.98 X 10-9 coul/cm2 

6si = 12 

£o = 8.85 X 10-14 f/cm 

NA = 2 X 10l6/cni3 (from figure (8) ) 

^The symbols are defined in reference 19.) 

Substituting these values into equation (1), v/e get: 

Vtn = -(. 96) + (. 52) - (1. 1 ) + (2. 38) = + 0. 84V 
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3. 2. 2 >^DS (on ) 


For the MOSFET, the linear region is characterized 
by ros(on) and the saturation region by g^ which 
also aeterinines drain current, iD(on)* VMUS, 

like the MUSFET, ros(on) is the sum of all the 
resistive components encountered from source to drain, 
i . e . 


rDS(on) = rs+rch+rdrift+^sub+rcontact (^) 


Generally speaking, rs + rsub + i"contact, 

take up only a small percentage of the total ros(on)- 

The important components are rch and rdrift* 


SOURCE 



Figure (9) Resistive Components of VMUS 
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3. 2. 2. 1 Tq ^ 


Teh is the channel 'UN' resistance. Since VMOS 
has no short-channel effect, one-dimensional analysis of 
the channel region holds, and r^^ can be estimated 
by the standard equation for long-channel MUSFET's. 


tox X £ X 

rch = 

unEox^o W 


1 

(3) 

VgS - Vt - Vus/2 


v/here tg^ is gate oxide thickness 
Box is oxide dielectric constant (=4) 

Hq is permittivity of free space (=8.86 x F/cm) 

I is cliannel length 
W is channel vn’dth 
Un is mobility of electrons 


3. 2.2.2 '"drift 


This is the spreading resistance due to the drift 
region or M-epitaxy 1 ayer. Generally, it can be broken 
down into two components: ri and ry (See Figure 
( 10 )). 
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f : 





Figure (10) Two Components of rup-ift 


V'l can be estimated by the v/ell 
resistance equation: 


r2 = p 



where p = n- epi resistivity 
■**2 = epi thickness 
A = active epi cross-section 


known 


( 4 ) 


area 
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The exact calculation of is complex because 
of its spreading nature. However, by making some 
reasonable assumptions, a simple equation can be 
formulated to estimate r^ (for the practical 
V-groove width). 


The derivation of r^ is given in Appendix A. 
From Appendix A, we find that rj is the product of 
epi resistivity, p, times a geometry factor, t , or 


ri = p X L 


(5) 


z is a function of layout structure. 


For an interdi gi tated structure. 


Z = 


2{x2-yz) 


Jin 


(2t, + yz) 
2t, + X'l 


Jin 


yz 


X2 


( 6 ) 


(T,, X 2 , yz are defined in page H2A ) 


For K-structure (see Figure (72)), 


z 


4a 



(a-b) 
(a + b) 


t, = b/2 


(7) 


(a and b are defined in page 109) 


To see how well the equations predicted the 
measured values, we cut a number of single 10-mil long 
VHOS FETS, the difference being the V-groove width "x". 
Figure (11) showed the measured values of rQs(on) 
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as a function of different V-groove v/idth x. The epi 
resistivity was Zii - cm. It should be noted that 
>"DS(on) saturated to a constant value, indicating 
that tne constant potential line assumption was no 
longer valid for large x. For x > .4mil. The sheet 
resistance of the accumulation layer was significant; 
and the calculated values would be lower than the 
measured values. 


Figure (12) showed the calculated and measured 
'^DS(on) a function of Vys> with a constant 

V-groove width x. For this figure x = .2 mil. From the 
figure, we noted that calculated values tracked measured 
val ues f ai rly wel 1 . 


3. 2. 2. 3 rus(on) Discussion 


r^h and rdp-jft have been identified as the 


dominant 

>'DS ( on ) 

components. 

At low V(;s. 

rch dominates, 

dominates. 

at 

high V(js, 

>^d ri f t 

Again 

, as 

the 

breakdown 

voltage requirement 

i ncreases , 

higher 

epi 

resistivity 

and thickness are 


required, rdrift will increase and eventually become 
the single dominant component. Figure (13), which was 
based on equations (3) and (6) gave us some quantitative 
ideas. From Figure (13) we found that for 5fi-cm, 15u 
of epi, r^pift was 80% of rDs(on)* 20n-cm, 

50u epi, rdpift was 95% of rps(on)* Therefore, 
we concluded that the key to Tower r[)s(on) was to 
lower rdpift. Also, the key to lower rdrift was 
to make more efficient use of epi cross-sectional area 
in conjunction with the lowest possible epi resistivity 
and thickness. This was the major motivation for 
developing silicon-gate VHOS. 
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3. 2. 3 g,(, Cal cul ati on 


The saturation region of VMOS can best be described 
by the lus(on) vs V^S transfer curve, with Vgs 
set at the saturation drain voltage. (See 
Figure 14) From the figure, it is observed that the 
curve can be broken up into three regions: 



Figure (14) Transfer Curve of VMOS Transistor 


A-B is the sub-threshol d region; 

B-C square law region; and, 

C-D constant g^, region where scattering limited 
velocity of carriers is reached. 


From the practical device design viewpoint, region 
C-D was the most important one. This section was 
primarily addressed to the derivation of a simple 
equation and physical interpretation of parameters 
pertaining to this region. 



As a direct consequence of short-channel length 
(approximately 1 p) the scattering-limited velocity of 
the channel carriers was reached at some moderate drain 
voltage (which was designated as Vgs(rrit))* follows 
that lL)(s 3 t) was linearly proportional to In other 

words, ' ^was constant. Again, because the depletion 
layer extending primarily into the drift region, we 
could assume constant Qb and therefore lOfsatl could be 
derived from the simplified version of the conventional 
MOS equation. (See Appendix B for the derivation). The 
equation is given by: 

^D(sat) = WCo)f‘sat x ^ Vqs - (Vj + VOS (crit) )^ (8) 

2 


and g^^ - WCojf'sat (8a) 

where W = channel width 

C(^ = gate oxide capacitance per unit-area 
y'sat = effective scattering limited velocity 
of carriers. 

VuS(crit) ■ drain voltage at which scattering 
' ' limited velocity of carriers is 

reached. 


9ni = transconductance f aIq 


Equation (8) predicted that the transfer curve of 
^U(sat) vs Vgs v/as a straight line with a slope equal 
to gui; the line intercepted the Vyg axis at (Vj + 
VuS(crit)/2). See figure (14). 


Data on the transfer characteristics (lus vs V^jg) 
in the saturation region were obtained from a number 
of test cells of different channel widths. Figure (15) 
presents the data obtained from such measurements. 
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Figure (15) Transfer Characteristics of 
VNTB: various channel widths 





From the Figure we concluded: 


y'sat = 4 X lO^cm/sec 


''i3S(crit) = ^ - 


liut , VQs(crit) = A X Ecrit 

Ecrit = 2 - 3 X 104 v/cm 


These values are well within the range found in the 
literature. Note that equation (8) was valid only when 
the carriers were moving with their scattered limited 
velocity. In this region, channel length (z) v/as absent 
from the equation, g^ was determined by Cq and W only 
since y'sat was a constant value. 


So far, we have had good definition of >"DS(on),g,n 
and los(sat)* From the practical view point, this was 
all we needed to know in order to predict the I-V 
characteri sti c of VMOS pov;er FETs. 


(From the data, it is observed that Vos(sat) 
follows roughly the locus of (Vqs"Vt))* 


3.2.4 Complete I-V Characteristics 


From a modeling point of viev/, the Siliconix VMOS 
FET is composed of two components, viz., an N-ch (or 
P-ch) MOSFET in series with a fixed resistor (mainly 
>^drift)‘ The schematics of this model is shown in 
Figure (16). 
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Figure (16) Schematic Representation 
of the VHOS Transistor 


Putting the results of the previous section 
together, the measured and calculated I-V curves for a 
W=20 mil single VMUS Fet is shown in Figure (17). 




Figure (17) Drain Characteristics of 
VMOS Transistors 
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3.2.5 Breakdown in VMOS Structures 


Factors affectincj the breakdown voltaye of VMUS are 
considered to adequately define the Safe Operating Area 
(SUA) of the device. 


3. 2. 5. 1 Breakdown Mechanisms 


VMUS has both the surface structure of a MUS device 
and the bulk structure of a bipolar device. Thus, all 
breakdown mechanisms of both types of devices exist 
within the VMOS structure. See Figure (18) 


GATE SOURCE 



^ Dielectric Breakdown 
Q Breakdown Underneath V-groove 
© Avalanche Breakdown 
© Punch-through Breakdown 
© Reach-through Breakdown 


Figure (18) Breakdown Mechanism of VMOS Structure 



3. 2. 5. 1. 1 


Dielectric Breakdown (0 


in Figure 18) 


High voltages could develop between the drift 
region which is considered part of the drain, and the 
gate. However, when this happens, the silicon 

underneath the V-groove is d'eeply depleted. In this 
case, a situation exists where the full voltage drop 
between drain and gate is seen by two capacitors in 
series, as shown in Figure (19). 


GATE 


r 

Cl (cap. due to the gate oxide) 

I^Cp (cap-, due to. the depletion layer) 

7 


DRipr 


Figure (19) Drain MOS Capacitance 
Cl and C2 Series 


By placing Ci and C 2 in series, this has 
greatly relieved Ci from having to shoulder the full 
voltage drop by itself. Consequently, by having 
reasonable oxide thickness, no dielectric breakdown 
problem is expected. 

3. 2. 5.1.2 Breakdown Underneath V-groove ((|) in Figure 18) 


Normal V-grooves have sharp edges. Their effect on 
an equi potenti al plot is crowding of potential lines in 
these regions. See Figure (20) In other v/ords, a high 
electric field can develop in this region thus 
initializing breakdown. 
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3. 2. 5. 1.3 Avalanche Breakdown ((S) in Figure 18) 


Avalanche breakdown can occur at the PN junctions. 
Therefore, to achieve low rDS(on)> it was very 
important to get the PN junction breakdown to be as 
close to the ideal PN junction breakdown as possible. 

3. 2. 5. 1.4 Punch-through Breakdown (0 in Figure 18) 


Because of the drift region which is one or two 
orders of magnitude more in carrier concentration than 
that of the body or channel, tlie VMUS device could 
withstand as high as 400V of punch- through breakdown 
with just 2ji of 'base width*. This mode was not 
considered a limiting factor. 

3. 2. 5. 1.5 Reach-through Breakdown (0 in Figure 18) 

This breakdown depends on epi resistivity and 
thickness and is not a limiting factor. 


3. 2. 5. 2 Discikssion of Breakdown 


The limiting factors of VMOS structure are either 
breakdown underneath the V-groove or breakdown at the PN 
junction. In addition, since the VMOS structure 
includes a parasitic npn bipolar transistor and a 
n-(epi) a n+(substrate) interface, the device can break 
into either switch-back or secondary breakdown when care 
is not exercised in device design. With proper device 
layout and process, however, the switch-back phenomenon 
that was present in the earlier generation of VMUS can 
be completely eliminated . The device can display a 
true MOS drain characteristic. The SOA of the device 
can extend to the full voltage and current ratings 
simul taneously. 
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3.2.6 Capacitances in VMOS Structure 


Svn'tching speed depends primarily on both the 
conductance and the capacitance present on the chip. 


As a part of the RC time-constant, two resistance 
components are important. The first is the resistance in 
the input circuit or gate series resistance, rg pi" 
polysilicon gate was used). The other is the resistance 
in the output or rDs(on)* We discussed ros(on) 
at length in Paragrapn 3.2.2. The rg depends to a 
great extent on the layout and the sheet resistance of 
the polysilicon gate material. 


In addition to the two resistance components 

mentioned above, the rb ' of the parasitic npn 
bipolar also affects switching speed through its 

influence on the body charge underneath the active gate 
region. 

We are interested in the minimization of 

capacitances from two viewpoints: 

1) ease of drive; and 

2) faster switching speed. 


For VHUS structures, there is one junction 
capacitance and 6 MOS capacitance components. They are 
identified with the aid of Figure (22). 
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Figure (22) Capacitance Components of VMOS Structure 


1) Cj Junction capacitance between body and drift 

region ; 

2) HOS Capacitance beween gate and channel 
(channel shorted to source); 

3) C(^S2 capacitance between gate and source 

(Gate oxide as dielectric); 

^GS3 capacitance between gate and source 

(source oxide as dielectric); 

5) C(3S4 MOS capacitance between gate and source 

(silox between poly and metal as dielectric); 
and , 

6) Cqs 5 capacitance between gate and source 

(gate bonding pad), 
and , 

7) KOS capacitance between gate and drain. 

This is the so called Miller feedback cap. 

It is composed of two capacitors in series 
as discussed in paragraph 3. 2. 5. 1. 1. 
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As Vie increased W by increasing the packing 
density, C^isi increased. There was very little that 
could be done about this parameter. The challenge was 
to keep the gm/Cin ratio as lovj as possible. 


In a typical data sheet, the capacitances of a 
device are character i zed into: 


^iss» ^oss 2nd Cp55 measured at F — iMriz 


^iss = common source input capacitance. 

This is the capacitance measured from 
the input (gate) to the source with 
the drain biased with respect to the 
source. 


Coss “ common source output capacitance. 

This is the capacitance measured from 
the output (drain) to the source with 
the gate shorted to the source. 


Crss “ common source reverse capacitance. 

This is the capacitance measured from 
the drain to the gate. 


(The dynamic input character i Stic of the VMOS power 
switch is treated in detail in Ref. 8 .) 
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Figure (23) Terminal Capacitance of 

These capacitances are related to 
capacitance of a MOSFET as follows: 

Ciss " Cgs + Cgd 

Crss " Cgd 

Cqss “ *-gd C(js 

(all at Vu 5 = 25V and 

The test circuits are shown in 


a fiUSFET 
the terminal 


F = IrnHz.) 


Figure (24) 
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3. 7 Optimization of Trade-offs 


There were two major trade-offs. One was the 
trade-off between 'ON' resistance and breakdown voltage. 
To get low r^sfon)* needed low epi resistivity 
and thin epi thickness. However, high voltage required 
high epi resistiviliy and thick epi thickness. Figure 
(25) shows the relationship between 'ON' resistance and 
BV. From the figure we find that: 


'"L)S(on) BV2.2 


So it was vitally important that for the specified 
breakdown, we wanted to get it with the lowest possible 
epi resistance and thickness. 

The other trade-off was between 'ON' resistance and 
capacitance which affects switching speed. One way to 
lower r|35(on)» was to increase the channel width, W. 

This meant larger overlapping areas between gate and 
source plus channel. This would increase *^iss. The 
other way to lower rDS(on) was to increase the 
overlapping area between the grooves and the M- epi 
drift region (x2 in figure 7\). This would 
increase ^rss, which, in turn, would slow down the 
device's switching characteri sti cs. 
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3.3 Why Polysilicon Gate VMUS Process 


The vertical MGS process development is still in 
its early life history. By combination and permutation, 
there are at least more than a dozen v;ays of producing 
VMUS. To select the proper process, various criteria 
were evaluated. 


In the burgeoning power switching application, we 
need low rgs(on)» high current, high voltage and 
fast switching speed. The metal gate VMUS presently 
manufactured is capable of high voltage (400V) and fast 
switching speed (approximately 50ns). Resistance and 
current handling capacity leave room for improvement. 
The reason is that both 'ON' resistance and current take 
up silicon real estate. It is not uncommon for high 
current VMOS such as 20A - 30A, to find that 50% of the 
chip area is taken up by the source metal alone, and all 
of this area is non-active. It is imperative tliat we 
put gate and source electrodes on different planes so 
that they can cross each other. One method of 
accomplishing this is the polysilicon gate VMOS process. 
Figure (26) illustrates this three-plane conduction 
concept. 
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Level 1 



Source, gate and drain all lie 
on the same plane. 1C MUSFET 
process 


Level 

2 

T> 

S and G on one plane, drain on 
the other plane. Hetal-gate 
VMOS process. 

Level 

S 

^ J2» 

S,G, and 0 on 3 different planes. 
Pol ysi 1 i con-g ate VHUS process. 


3> 

(teing develpoed. through 



this program) 


Figure (26) Evolution of 
Three-Plane Conduction 


One way to implement this three-plane conduction 
concept is shown in Figure (27), which illustrates an 
important point. From Figure (27 a), we see that using 
a metal gate we are getting 30% to 40% active area out 
of the total chip; (and that is a trade-off with total 
current), the polysilicon approach in Figure (27 b) can 
give us over 80% of active area. 
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(b) Silicon-gate 


Figure (27) Illustration of Layout 
Difference Between 
Metal-Gate and Silicon-Gate VMUS 


This means that for a given cliip size we can 
approach the theoretical limit in utilizing the drift 
epi cross-sectional area. In other words, we are 

maximizing the area factor of the well-known equation 
for resistance: 


R = (p X A) (1/A) 


(S) 


From Figure (27 b), we also see that a vihole plate 
of source metal is placed on top of the chip. This 
means that current i s no longer limited by the current 
density consideration of the source metal. In fact, the 
metal on the chip is now capable of carrying whatever 
current the device can deliver without running into 
high current density or electromigration problems. (The 
heat sinking effect of whole source metal is also a 
welcomed feature.) In other words, the new process is 
approaching the theoretical limit in current carrying 
capab i 1 i ty . 
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What about breakdown voltage? From equation (9), 
v/e note that resistance was a volume concept. 
Maximizing the area factor by pushing epi 
cross-sectional area was only half of the story. We 
needed to minimize the (p x a) 'factor also. The issue 
here was hovi could we use the lowest epi resistivity and 
thinnest epi thickness to support the specified 
breakdown voltage. In other 'words, how to get a 
breakdown that was approaching the ideal pn junction 
breakdown . 


Many techniques exist today, but in Section 4.1.2 
we have developed a novel V-groove termination technique 
that gave 200V on 5n -cm epi, thus approaching 80% of 
ideal junction breakdown. 


What about switching speed? Generally, we have to 
accept the fact that silicon- gate VMUS is slov^er than 
that of metal-gate VMOS. However, by optimizing both 
the process and the layout, we could push switching 
speed very competitive with that of metal -gate. In 
Section 5.2, we are going to find that large area _ 
silicon-gate VMUS can switch in less than 100ns. 


Why polysilicon-gate VMOS process? The answer is 
simple: if the application calls for low rps(on)» 

high current, high voltage and fast switching speed, 
then from the analysis above, we conclude that the 
three-level polysilicon-gate VMOS is to be preferred. 
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4.0 PULYSILICUN-GATE VMOS PROCESS DEVELOPMENT 


A comprehensive test ,chip called VNTK was desiyned 
as a vehicle for layout and process development. The 
test chip was composed of six blocks. Each block was 
devoted to evaluate some specific parameters as 
described below: 


VNTK I 

VNTK 11 

VNTK III 

VNTK IV 

VNTK V 

VNTK VI 


Figure (28) Block Designation 
of VNTK Test Chip 


VNTK I One silicon-gate VMOS FET prototype about 
one-twenti eth of the experimental device. 
The end objective of this development phase 
was to make this transistor work and 
achieve 180-200V breakdown with rus(on) 
between and 3n. 




VNTK II One metal-gate VMOS FET v/as • i ntended as 
back-up {vte found this back-up was not 
necessary ) . 


VNTK III Test structures to study breakdown 
voltages. 

VNTK IV Test structures to develop polysilicon 

technology and to provide other processing 
i nformati on. 


In addition to the above four blocks, two more 
blocks were added as follows: 


VNTK V To study stability of device if needed. 


VNTK VI To optimize breakdown of V-groove 

termination with source field plate (SFP) 
and recessed charge control (RCC) ring. 


Figure (30) is the composite of the VNTK test chip. 

When the VNTK mask set was available the development 
activities were broken down to the following three tasks. 


Task 1 Study and optimize pn diode breakdown 
of different V-groove termination 
schemes. VNTK III and VI were used 
for this purpose. 

Task 2 Concurrent with Task 1, develop basic 
polysilicon technology. VNTK IV was 
used for this purpose. 


Task 3 After Task 1 and Task 2 liad been 

completed, develop the polysilicon- 
gate VMOS FET process . VNTK I was 
used for this purpose. 
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Figure (29) summarizes these activities 


VMTK 

Test Chip Design 


VNTK III and VNTK VI. 
Breakdown voltage of 
V-droove termination 


VNTK IV 

Polysilicon Technology 


VNTK 1 

Polysilicon Gate VMOS FET 


Figure (29) Flow Chart of 
Polysilicon-date VMOS Process Development 


These activities and their results are elaborated 
in the following three sections: 
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4.1 Breakdown Study of V-Groove Teri:ii nation 


For VMOS, the basic question about breakdovin was 
how to achieve the specified breakdown with the lowest 
epi resistivity and thinnest epi. The major trade-off 
was 'ON' resistance per unit area. This was in sharp 
contrast with the bipolar power transistor where the 
major issue is achieving specific breakdown with lowest 
epi resistivity. Epi thickness was of secondary 
importance because of a phenomena called "conductivity 
modulation." To assist us in the selection of a 
termination scheme for the poly-gate VMOS FET, we 
established the folowing criteria. 


1. Capable of approaching 

ideal pn junction-breakdown voltage. 


2. Not sensitive to process 

latitude, and easy to manufacture. 


3. Economical use of Silicon area and 
shallow in structure. 


4. Stable and reliable. 


4.1.1 Selection of Termination 


Based on the criteria established, three V-groove 
termination schemes were evaluated. All three schemes 
made use of the three-dimensional nature of V-grooves. 


4. 1. 1. 1 V-Uroove Field Limiting Rings 


Test cell no. 617 of VNTK VI was devoted to this 
structure. Figure (31) is the cross-section structure. 
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Figure (31) V-Groove Field 
Limiting Ring Structure 


As you can see in Figure (31), this structure 
operated on the same principle as a junction field 
limiting ring. (Reference 17) The difference v/as that 
the floating rings were created by V-grooves. 

Theoretically, a near-ideal pn junction breakdown 
voltage could be realized. However, the scheme was 

dismissed from a practical standpoint. Une disadvantage 
was that it was very difficult to control the floating 
ring spacing because of the corner-effect of V-groove 
etching. We also observed some stability problem at 
room temperature. 
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4. 1. 1. 2 V-Groove Voltages Step-dovm kings 

Test cell no. 310 was devoted for this struction. 
Figure (32) illustrates the structure. 


Figure (32) V-Groove Voltage 
Step-down Structure 


This structure was based on the principle that for 
a MOS transistor; when gate and drain are tied together, 
the voltage at the source terminal was one threshold 
voltage lower than at drain terminal. Thus, as shov/n in 
Figure (33), if the field threshold voltage of the 
parasite p-ch devices were 25V each, then, by having 3 
rings, we could step down 75V. In other words, if we 
applied 200V at the drain the actual voltage the last 
ring sees was only 125V. The scheme however, was 

dismissed later because, to be effective in high 
voltage, it takes up too much area. 


Figure (33) Schematic Representation of 
V-Groove Voltage Step-down Structure 





4. 1.1. 3 V-Groove Termination With Source-Fi el d - 
Plate and Recessed-Charge -Control Ring 


Test cell no. 601 to 615 from VNTK VI were devoted 
to this structure Figure (35). Figure (34) shoves the 
cross-section of this structure: 



VR/MN 


Figure (34) V-Groove Termination With 
Source Field-Plate and Recessed- 
Charge-Control Ring 


We chose this termination scheme because it met all 
the criteria established. The scheme is elaborated in 
the following section. 
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Figure (35) VNTK VI 
Photomicrograph of VNTK 


VI 
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4.1.2 Experimental Results of V-Groove 

Termination with SFP and RCC Ring 


This termination scheme was very similar to the 
planar-gated diodes. The basic theories have been well 
treated by a number of workers. (Reference 9, 10, and 
11) It operated on the principle of charge neutrality. 
The charge on the field plate was balanced by the 
space-charge of the depletion layer in the semiconductor 
bulk. Thus, by applying voltage of proper polarity on 
the field plate we could control the curvature of 
depletion layer, hence, its breakdown voltage in the 
region near the surface. 


For the present scheme, we tied the field plate to 
the source and body regions. Therefore, we called it 
source field plate or SFP. A V-groove termination with 
SFP alone does not assure us of a stable device. The 
problem v/as that the oxide had a finite conductivity. 
The conductivity was a strong function of the humidity 
and the contamination level of the oxide surface. Any 
charge on the field plate would extend over the 
surrounding oxide. The silicon surface under the 
surrounding oxide would be depleted. The net observable 
effect is charging up of drain current on the curve 
tracer. This was the case where the ox i de *surf ace 
conductivity was extremely high. For low oxide 
conductivity the device would function normally at room 
temperature. However, it would fail in leakage current 
after the high temperature reversed-bi ased stress test. 
To control the surface ion migration, a metal ring which 
is tied to the drift region was placed around the field 
plate. We called this ring the Recessed Charge Control 
or RCC ring. 


Important layout parameters are: 


1. Overlapping dimension of SFP over 

N" drift region ("a" in Figure 34). 


2. Spacing between SFP and RCC ring 
("b" in Figure 34). 


3. Overlapping dimension of RCC ring 
over N“ region (toward SFP only) 
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("c" in Figure 34). 


4, Lateral radius of curvature of SFP. 


Important processing parameters are: 
1. Field oxide thickness (Xqx) 

Z. Epi resistivity. 


The equi potenti al lines of a non-planar gated diode 
is expected to be smoother at the pn metal 1 uyical 
junction than those of a planar-gated diode. Figure 
(36) and Figure (37) illustrate this point. 



Figure (36) Equi potential Line 
of Planar dated Diode 
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Figure (37) E qu i potenti al Line 
of Non-Planar Gated Diode 


However, as in the case of the planar-gated diode, 
there was one optimize oxide thickness which gave the 
highest breakdown voltage for one epi resistivity. 


4.2 Polysilicon Technology Uevelopuent 


Polysilicon gates for HOSFETs is a mature 
technology. A considerable amount of information is 
already available in the literature (Reference 12, 13, 
and 14). What we are doing here is to use the 
technology to impleiiient the 'three-plane conduction' 
concept in VPiUS power FETs. 


Because of the three-dimension nature of the VMUS 
power FET, the classical self-aligned feature of IC 
silicon gate techniques cannot be readily applicable for 
our purpose. On the other hand, since the poly-gate is 
treated as another electrode, we can dope it either P or 
N to control the threshold voltage and sheet resistance. 


Using VNTK IV, the polysilicon was evaluated in the 
f ol 1 owi ng areas : 


1. Polysilicon coverage over V-groove. 

The result is excellent. See Figure (39). 



Figure (39) SEi-l of Polysilicon 
Coverage Over K-Structure V-Orooves 
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2. (Jptimize doping 7000 A of polysilicon 
film using LPCVD. 


r: 



Polysilicon vs Predeposition Time 


Based on the data shown, 35 minutes was selected as 
the doping time for VMUS power FET process. 


The result of a test polysilicon resistor located 
inside VNTK Block IV gave typically 40 - 60s2/a 

polysilicon sheet resistance. 
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3. Silox reflow was studied for 
two purposes : 


a. To get good metal step coverage 

over contact window; and, 

b. To avoid bumps on top of the chip. 

This was necessary to enable bonds 
to be placed directly over the 
active area. 


Figure (41) shows that the steps over the V-yroove 
can be considerably smoothed out by Silox reflow. 


4. Mi seel 1 aneous 


a. Polysilicon film thickness control. 

b. Polysilicon grain size. 

c. Polysilicon etching. 

d. V-groove gate dielectric breakdown 
with poly as electrode. 

e. High temp CV for poly gate. 


These were either considered or evaluated. 


60 




4.3 Fol ysi 1 i con-Gate VMUS FET Process Development 


Now that a non-planar termination had been 
developed and the basic silicon-gate technology worked 
out, v/e proceeded to put them to use and develop a 
poly-gate VMOS Fiel d-Ef fect-Transi stor. 


In this section we discuss: 


1. VNTK I Design layout, 

2. Polysilicon-gate VMOS fabrication steps, and 
3 Evaluation of wafer runs. 


4. 3.1 VNTK I Design Layout 


VNTK I was used as test vehicle to demonstrate the 
feasibility of all the concepts developed so far. 
Figure (42 ) is the photomicrograph of tlie chip. The 
chip was terminated by a V-groove with an SFP and kCC 
ring. Active area was 1,764 rnil^ (or .01 cm^). 

The V-grooves are arranged in what is called the 
K-structure. In this structure, V-grooves surround the 
source/body contact. The results are: 


1. Increase gate width (U) packing density. 

This means low r^^ ^nd high g„i. 

2. Increase epi cross-section utilization 

area. This means lower r^jp-jf^. 

Figure (42A) is a SEM picture af VNTK I tcpalogy. 

Figure (43) illustrates the K-s,tructure. From 
Figure (43), ABCD is considered one basic cell. 
Different design rules could be applied. For VNTK 1, a 
basic cell of 1.69 mil 2 vvas used. The total W was 
about 4 inch or 10 cm. This gave a W/z ratio of about 5 
X 104. 
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Figure (42 ) Photomicrograph of VUTK I 
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Ue then calculated the >'DS(on) basic 

cell and compared it vnth experimental value. 


For one basic cell, W was roughly 3.75 mil, and 
channel length was taken as .1 mil. 


Therefore: From Equation (3) 


•^c h " 


tox i 

X X 


1 


i{,6o£ox 




Vgs-Vt 


.15 X 10-4 


. 1 


450 X 4 X 8.85 x 10-14 3.74 Vgs~2 


Case (1) rch = 314fi (V^S = lOV) 

Case (2) rch = 140:2 (V^s = 20V) 

A1 so rom Equation (7) 

P / (a-b) \ 

Adrift = for t = b /2 

4a \ (a+b) / 


Take 

a 

b 

Then rdrift 


5fi -cm, 
1. 3 
1 . 1 


5 X 393. 7 


4x1.3 


- 

(1.3 - 1.1) 

-£n 

(1.3 + 1.1) , 


= 956n 


( 10 ) 
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Allow Sii for other resistive components, 


Therefore: rQS(on) = 314 + 956 + 63.5 = 1333u 

(Vgs = loy) 


’^OS(on) = 956 + 54. 8 = 1150. oii 

(VgS = 20V) 


Now there are 936 cells in VNTK I. 


Case (1) ros(on) = 1.44fi (y^iS = lOV) 
Case (2) rus(on) = 1.25 q (Vgs = 20V) 


Experimental results on VNTK 
wafer no. 811-083-R yives: 


Case (1) rus(on) = 1-5^^ (V^S = lOV) 

Case (2) ros(on) = l*3n {Vqs = 20V) 

Now review the VNTK I layout again. There is no 
source bonding pad, per se. The source bonds are placed 
directly over the active area. A 'Ll' shape gate bus is 
used to reduce the effect of polyresistance in series 
with the gate. Figure (44) illustrates the equivalent 
resistance network the input pulse sees. 
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It can be shown mathematically ttiat the max 
resistance between any node and gate jjad is 2 * r We 
took a number of 1.2 K w resistors, and hooked them up 
according to Figure (44). The resistance between the 
nodes and gate are shown in Figure 45. 


NUDE OHM HE TWEEN 


GATE AND NUDE 


A 

.47 K 

B 

. 70 K n 

C 

.97 K a 

D 

2.05 K il 



hode 


FIGURE (45) Resistance Between 
the Nodes and Gate 


This exercise confirmed that a 'U' shape gate bus 
layout was an effective way to reduce the input 
resistance of the polysilicon gate. 


4.3.2 Fabrications Steps 

Many processing options are available. Une option 
is outlined below: 

Fabrication steps of a typical polysilicon-gate 
VMOS process. 


1. Starting material 

2. Epi CH") 
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3. 


Epi (P) 


4. Source Predep and Diffusion 

5. V-Groove mask and V-Groove etch 

6. Gate Oxidation 

7. Holy Deposition and Doping 

8. Silox Deposition and Reflow 

9. Contact Mask 

10. Metal Evaporation 

11. Metal Mask 

12. Top Silox Deposition 

13. Top G1 ass Mask 

These steps are illustrated in Figure 46. 
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N+ STARTING MATERIAL 
N'/P 6Pl 

N''’ SOURCE PREDEP/dRIVE'/N 



V-GROOVE MASK 
GATE OXIDATION 



POLT DEP 
POLY MASK 
SILOX 



CONTACT MASK 
METAL 

METAL MASK 
SILOX 

GLASS MASK 


Figure (46) Fabrication Steps of 
Poly-Gate VMUS FET 
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4.3.3 Wafer Run Evaluations 


Using VNTK I, we processed three wafer runs. (VilTK 
811-083; VNTK 817-667 and VNTK 817-688). The aim of 
these wafer runs is first to ascertain that the concept 
works and second to achieve rgsfon) between 1 - 3w 
with breakdown between 180 - 320V. The results were 

positive. During the third run (namely 817-663-R) we 
achieved 2. 5n f'DS(on) and 180V BVqss. This 
section details the results of evaluation on 2 of 3 
runs. 


4. 3. 3. 1 Evaluation Results of 
Wafer Run 817-663 


Dies from wafer no. 11, run no. 817-668 were 
packaged in TU-39. The units were serialized and 
evaluated in terms of D.C. and A.C. parameters. Table 
(I) on page (73) summarizes the major D.C. parameters 
measured wi th, Tektroni x curve tracer 576. From the 
table, we see that >"DS(on) ^ s typically 2.5fi; 
threshold voltage is arouna 2v, and breakdown voltage is 
centered at 180V. 


Figure (48) on page (74) are photographs showing 
the family curves of unit no. 11. In Figure (48b) we 
see the BVgss of 200V. The units had been walked 
out from about 185V. 


Unit no.'s 4, 5, 11, 12, 15, 16 and 31 were further 
evaluated. Table (II) on page (75) summarizes the D.C. 
parameters. 


Then, the paralleling effect of ir'i3s(on) of 
multiple units were tested. On page (77), Table (III b) 
summarizes the r[js(on) vs. V(^s of 2 units in 
parallel. Table (III c) summarizes r[)s(on) vs. 

Vgs of 4 units in parallels. Figure (49) on page 
(78) is the graphical form of the three tables 

mentioned. From these tables and graphs, we see that 
the 'f'DS(on) of VHUS closely obeys the parallel 
resistance 1 aw. 
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*"05 ( on ) 


Single Unit 

1 1 

2. 18 

r 

2 Units in parallel 

1. 11 


4 Uni ts i n par al 1 el 

. 58 

1 



Figure (47) 


Figure (47) lists the f'DS(on) o'*" different 
combinations for the case where Vqs = 20V. 


The results showed that by increasing the active 
area. of VNTK I 20 times, we can be assured that the 
'^DS(on) will go down by 20 times or around ,lS2 
(Note, initial results of the experimental device VNS 
confirmed this point). 


The capacitances of two units (no. 11 and 31 were 
evaluated. Figure (50) is a plot of C-jss, Cqss 
+ Cpss vs V[js* 

The switching speed of VNTK I was tested using the 
test circuit shown in Figure (53 a). Figure (53 b) 

shows the sv/itching characteristics. Siliconix standard 
VMUS product 2N6661 was used as a control. lie found 
that the switching characteristics of the 2N6661 did not 
differ significantly from that of VNTK 1. Therefore, it 
is concluded that the switching speed measured was not 
the inherent switching speed of the VNTK I. The 
switching speed of VNTK I is faster than that shov/n in 
Figure (53 b). 
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TABLE I 


THE MAJOR U.C. PARAMETERS OF VNTK 
817-668R PACKAGEU IN TO-39 


Part 

No. 

>"DS(on) 
VgS = 20V 
ID = lA 

vth 

I Q = 1mA 

BVqsS 

Id(OFF) 
at 50V 

1 

2. 25a 

1. 8V 

180V 

20uA 

3 

2. 25a 

1. 9V 

176V 

4uA 

4 

2. 6a 

2. IV 

188V 

1. 5uA 

5 

2. 5a 

2. OV 

184V 

2. 5pA 

6 

2. 5a 

2. 2V 

180V 

6pA 

7 

2. 5a 

2. OV 

192V 

30iiA 

8 

2. 4a 

2. IV 

180V 

lOpA 

9 

2. 5a 

2. 2V 

180V 

5yA 

10 

2. 5a 

1. 9V 

180V 

<luA 

11 

2. 6a 

2. OV 

190V 

<lpA ** 

12 

2. 5a 

1. 9V 

188V 

2uA 

14 

2. 3a 

1. 9V 

176V 

lOyA 

15 

2. 4a 

2. OV • 


4uA 

16 

2. 2a 

1. 9V 


4uA 

17 

2. 5a 

2. IV 

180V 

lOuA 

19 

2. 5a 

2. IV 

180V 

8uA 

20 

2. 4a 

2. IV 


<l(iA 

21 

2. 3a 

2. OV 

176V 

25uA 

22 

2. 4a 

2. IV 

176V 

<luA 

23 

2. 4a 

1. 9V 

180 V, 

20uA 

25 

2. 2a 

2. OV 

170V 

<luA 

28 

2. 6a 

2. 2V 

180V 

12uA 

30 

2. 3a 

2. 2V 

180V 

luA 

31 

2. 3a 

2. IV 

180V 

IpA 

Mean 

2. 42a 

2.03V 



7.28uA 

Stud. 

Dev. 

0. 124 

0.114 



8.26 


** (See Polaroid Pictures) 
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HORl = IV/DIV 
VERT- -2A/J3IV 
2V/STEP 
10 STEPS 

^s(on) 

= 2.5A e Vos'* 20 V 

(a) 



WAFER *11, L)N1T*I 1 ,T039 


a 


HORl •• 20V/D1V 
VERT- I0/A/^>IV 

BVDSS-200V 


d) 


7 4 




TABLE, II 

VNTK CHARACTERIZATION 


817-G68-!'; no. 11 


Character ■ 
istic 



Part 

Number 



On it 

Test Conditions 

' 4 

5 

11 

12 

15 

16 

31 

HuSS 

190 

188 

190 

188 

1 — * 
cc 
o 

170 

180 

vol ts 

Vi,s=0,1q=100uA 

VoS (th) 

Z, 03 

1.96 

2.00 

1.91 

1.91 

1.84 

2.06 

vol ts 


loss 

0.4 

0.6 

0.2 

0.6 

0. 6 

0.7 

0.2 

nA 

VgS=15V,Vos=0 

^U(on) 

2. 95 

3.05 

2.97 

3.10 

3.25 

3. 40 

3.0 

A 

VuS=25V,Vgs=10V 

VuS(on) 

.360 

.348 

.360 

.348 

.333 

.310 

.345 

vol ts 

VgS=5V, Iu=0.1A 


1.36 

1.31 

1.36 

1.34 

1.29 

1.19 

1.27 

vol ts 

Vgs=iov. 1u=0.5A 


3. 04 

2. 86 

3.05 

2.92 

2.75 

2. 54 

2. 83 

vol ts 

V^^S=1UV, lu=1.0A 


6.7 

6.2 

7.2 

6.5 

6.0 

5.6 

6.2 

vol ts 

Viis=15V, Iu=2.0A 

*^ii 

333 

333 

333 

333 

333 

333 

333 

mu 

Vi3S=25V,Io=U.5A 

loss 

4.62 

13.6 

2. 25 

6. 86 

18.6 

20.4 

7.5 

uA 

Vus=100V,Vgs=0 
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TABLE III 

VNTK - ros(on) vs. V^s at Vys = 0. IV 
(a) Part (lumber (sinyle devices) 










PART NUMBER 


(b) (c) 


Two Parallel Devices 

Four Parallel 

Devices 

4 and 

5 

4, 5. 12, 

15 

*'US (on) 

vgs 

i^DSlon) 


1000« 

1. 67V 

lOOOfi 

1. 55V 

400 

1. 76 

400 

1. 64 

200 

1. 83 

200 

1. 71 

100 

1. 91 

100 . 

1. 78 

40 

2. 03 

40 

1. 89 

20 

2. 15 

20 

1. 99 

10 

2. 32 

10 

2. 11 

4 

2.83 

4 

2, 35 

2 

4. 28 

2 

2. 77 

1. 77 

5. 0 

1. 0 

4. 30 

1. 46 

7.0 

0. 89 

5. 0 

1. 28 

10. 0 

0. 75 

7. 0 

1. 17 

15. 0 

0. 67 

10. 0 

1. 11 

20. 0 

0. 61 

15.0 



0. 58 

20.0 
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+ 25V 
9 


PULSE GBH- 
HPZISA orSQUIV 




V, 





_j z5~JB 
ZjjOA ATTEXUATgR 


W! 


TO 5AMPUMG 

^ scope- 


“Tv; 


Switching TEST CIRcujT 



(b) 

Figure (53) VNTK Switching 
Characteristics 
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4. 3. 3. 2 Evaluation Results of 
Wafer Run no. 811-083 


Wafer run no. 811-033 v/as the first of three runs 
processed to demonstrate the feasibility of the 
poly-gate concept. Evaluation results were positive. 
They are described in this section. 


The typical rgsfon) is 1. bii for V^s = lOV 
and 1.3fi for V (^5 = 20V. (See Figure (54)) From 

section 4.3.1, we find that these values followed very 
closely with the calculated values which are 1. 44« and 
1.25ft respectively. The transconductance is about 700 mu 
and the drain current is about 5A at Vqs = lOV. 
Figure (55) is the transfer curve of wafer no. 295C1. 
The result of velocity saturation of carriers is evident 
by virtue of the constant slope. 


The W/t ratio of VMOS is a big number. For 
example, for VNTK I, it is approximately 5 x 104. 

(For the experimental device which is about twenty times 
the size of VNTK 1, the ratio is in the neighborhood of 
750,000.) We measured the drain current as a function 
of gate-to-source voltage again. This time in the 
sub-threshol d region. Figure (56) shows the graphical 
data. From Figure (56), we see that exponential 
function of Ig on Vgs is clearly evident. The 
pn junction leakage is about 10 na. This occurs at 
Vgs To 1.5V. From Vqs “ 1.5V on, drain 

current is an exponential function of V ^5 until 
approaches 4.0V. 


Frequency response of the VNTK I, which is a 
poly-silicon gate VMOS FET, and the VNA, which is an 
interdigitated metal-gate device, were compared in a 
small-signal class A amplifier configuration. Figure 
(57) and Figure (58) show the results. It is found that 
the two devices are about the same. Again, we attribute 
this to be limitation of the test Jig. 


81 


r 



HORI. .5V/OIV 2V/STEP HORl - -5V/DIV. IV/ STEP 

UERT: -2A/DIV 10 STEPS VERT' -2A/DIV. 10 STEPS 


^DS(on3** 5 


at Vgs = 20V 




= 10 V 


(0.) 


(b) 



HORI : lOV/DIV 
VERT: .5A/D1V. 

I V/STEP 
10 STEPS 



700 mtr 


(p) 


Figure (54) Typical Drain Characteristics 
of VNTK I 811-083-R 
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5. 0 FABRICATION UF EXPERIMENTAL DEVICE (VNS) 


The VNTK I was expanded about twenty times. The 

result was a new geometry, termed VNS. 


In this section, the VNS design layout and the 
initial results achieved are discussed. 


5. 1 VNS Layout 


Figure (59) is the photomicrograph of the 

experimental device, VNS. The basic layout is that of a 
VNTK I, namely a poly-gate with K-structure. Unit cell 
size is 1 X 1 mil2. The termination scheme is again 
a V-groove termination with SFP and RCC ring. To reduce 
the series-gate resistance, an shape gate metal bus 

is employed. The total chip size including scribe-line 
area is 150 x 200 mil^ or .19 cm2. j}je 'net' 
active area excluding the gate metal bus is 23330 
mil2 or .15 cm2. jhe percentage ratio of the 
net active area to total chip size is 80%. (For a 

single layer metal gate, the ratio is between 30% to 50% 
depending on current rating.) The total W is (77856 x 
.80) 62284 mil. If we take i as ,08 mil' then a W/£ 

ratio of 778„560 is realized. ’ 
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The 'ON' resistance is calculated as- follows: The 
ratio of one basic cell size of VNS to that of VNTK 1 is 
1:1. 69. 


From paragraph 4.3.1 the rDS(on) of 1 VNTK I basic 
cel 1 is: 

Case 1 1333fi for VGS = lOV 

Case 2 1150n for VGS = 20V 

Therefore, we estimate that rUS(on) for one 
VNS basic cell - - 


Case 1 

1333 X 

1.69 = 2752 

(VGS = lOV) 

Case 1 

1150 X 

1.69 = 1943 

(VGS = 20V) 


The total number of unit cell is 23330. 


Therefore, the rUS(on) for VNS is 


Case 

1 

2752 

23330 

. 096 Q. 

Case 

2 

1943 

23330 

c; 

00 

o 

• 

From 
.1 ± 

the 

20% 

above calculation, it is seen that 
P at room temperature is realizable. 
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5.1,1 Switching Speed Simulation 


The short-channel MOSFET model of ISPICE, 
(available through National CSS, Inc.) was modified to 
take low output conductance, constant g,j, and fixed 
i^drift resistance into consideration to simulate the 
Siliconix VMOS. The parameters are determined as 
follows: (Ref. 18) 


Using the data on Vj versus back-gate bias. Figure 
(8) page (16) the effective bulk channel impurity con- 
centration was determined to be 2 x IQl^/cm'^. rjp-jft per 
centimeter of channel width (H) takes the place of RO. 
LAMBDA, which determines the amount of channel length 
modulation (and hence the output conductance), was fixed 
as IE-6. UU is assumed to be 450 cm^/V-sec. 


2 X KT NB 

PHI = 2(^f = zn — = .736 

% Ni 

(NB = 2 X 1016/c!M=). 


PB = KT/q ln(NAND/Ni2) = .677 


- . 7 (Na = 2 X 10l6; = 2 X IQI^) 


KN and MN are two empirical constants for carrier 
mobility reduction due to the normal field (gate 

voltage). KL and Ecrit are constants to account for the 
scattering limited velocity of carriers due to the 
lateral field (drain voltage). Beta and Gamma are 
calculated internally. The following is the list of 
parameters used for VMOS simulation: 
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Values 


Unit 


VTO 

Zero-bias threshold 
voltage 

1.5 

V 


PHI 

Surface potential 

. 7 

V 


UO 

Zero-bias surface 
mob i 1 i ty 

450 

cm2/V - 

sec 

NB 

Substrate doping 
concentr ati on 

2E16 

cni-3 


RU* 

Drain ohmic 
resistance per 
unit channel width 

3. 25 

i2 per 

cm 

RS* 

Source ohmic 
resistance per 
unit channel width 

.05 

JL per 

cm 

CO 

Gate oxide 
capacitance per 
unit area 

2.9 E-8 

F per 

cm^ 

Cl** 

Gate to source 
overlap cap/unit W 

9E-12 

F per 

cm 

C2** 

Gate to drain 
overlap cap/unit W 

3E-12 

F per 

cm 

CBD** 

Bulk to drain zero- 
bias cap/ unit W 

11. 8E-12 

F per 

cm 

CBS** 

Bulk to source zero- 
bias cap/ unit W 

0 

F per 

cm 

PB 

Bulk junction 
potenti al 

. 7 

V 


IS 

Bulk junctional 
saturation current 

lE-14 

Amps 


KN 

Normal field mobility 
coeff i c i en t 

.00125 

-- 


MN 

Normal field mobility 
exponent 

1. 12 

-- 



Val ues 


Uni t 


KL 

Lateral field mobility 
parameter 

ZQ 


ECRIT 

Vel oci ty 1 imi ti ng 
lateral field 

1E5 

V/cm 

BETA 

Transconductance 

factor 

Cal cul ated 
i n ter rial ly 

Amps/ V 2 

UAMMA 

Bulk threshold 
parameter 


V 

LAHBUA 

Channel length 
modulation parameter 

El-6 

am/V-1/2 


This parameter is multiplied internally 
by channel width 

This parameter is divided internally by 
channel width 


Using these values, we have simulated the VNS on 
computer to get some ideas about ton ^nd toff. 
Figure (60) is the plot of the simulation result. 


16.17.16 >print vmos2 model 

■ VM0S2 

NSCM( VT0=1 .5,PHI=.7, U0=450 , NB=2E 1 6 , RD=3 .25 , RS= . 05 , a 
C0=2.9E-8,C1=9E-12,C2=3E-I2,CBD= 1 1 . 8E- 1 2 , PB=. 7 ,a 
KN-4 00 1 25 ^ M- i . 1 2 . KL^2Q , ECR - IT ^1- E5 -, L - MIBDA =^ I E-6 ) 


vk ckt 

V'DD 5 0 5 0 - \H 

VIN 1 0 PULSE (0V,20V, INS, INS, 1NS,200NS,5US) 
RG 1 3 8 

RD 5 4 -5 — — 

Ml 4 3 0 0 VM0S2 6.6E4MI 0.1 MI 
EOF: 



Figure (60) Simulated Switching Characteri sti cs 

\ 


0V6R 
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Figure (60') Continued 
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Initial Results 


5. 2 


The first ViJS wafer run was processed on 4-6 a - cm 
epi resistivity material. The run was split into 
different groups. Table (IV) summarizes the evaluation 
data in the wafer form. Fi gure (61) and (62) are pictures 
of the drain characteristics. 



>^05 (on ) 

9m 

B Voss 
(volt) 

Gate-to- 
Source Leak 

Group I 

.14 - .2 

6-8 

100-120V 

Yes and Mo 

Group II 

. 3 - .6 

4-5 

180-200V 

Yes 

Group III 


( Non 

Functi onal ) 

No 

Table IV 

Eval uati on 

Summary of 1st VNS 

Run 


From the data, we noted that none of the group met 
the intended spec. However, each group supplements what 
the other group lacks. For example, GROUP 1 shows that 
the r[)s(on) ^nd gm are on target. The device can 
deliver over 50A of pulsed drain current with lOV gate 
drive. It is short in breakdown voltage. The gate and 
source are leaky due to processing flaws. GROUP II 
exhibits 200V breakdown voltage, but is shy on 
•^DS(on) 2 nd g^. This group also magnifies the 
gate-to-source leaks. GROUP III, although non-functional 
because of a severe source-to-drai n short, proves that 
the gate-to-source leak is a processing flaw in GROUP I 
and GROUP II. 


We took a GROUP I wafer, and packaged die in TO-3 
packages. Unit 1, 4, 5, and 7 were further evaluated. 
Table (V) show the O.C. parameters. 
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Figure (66) shows rQs(on) vs V(^s 

From the figure, it is seen that rgs(on) is ,12fi at 
Viis = 20V. Note that this rDs(on) is achieved 

with the same 5fi - cm epi which gives 200V in group 2. 
If V-groove width x is increased, rQs(on) is 
expected to get lower. 


The terminal capacitances vs drain -to - source 
voltage are shown in figure (67). 


Figure (68) shows the switching waveform. It is 
noted that with 50 ohm source impedance, the input drive 
is loaded down with the relatively high input 

capacitance of VNS. Under this drive condition, the 

toff is about 100 ns. Faster switching speeds are 
possible with drive of lower source impedance. 


Figure (68A) shows the dv/dt test. The test 
circuit is enclosed in the insert. It has been 
demonstrated that the device can withstand a dv/dt in 
excess of 7.5V/ns without damage. 

Figure (69A) and figure (69b) are pictures of VNS 
in TO- 3. 
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VERT- SA/DIV. 
HORI -- 2V/DIV. 

I V/STEP 
10 STEPS 


Xd(;oM) ^ so ^ 
at Ves = ^ 

Ca) 



VERT-. 2A/PIV. 
HORI : IV'/DIV- 
I V/SfEP 
10 STEPS 

OM RESISTANCE 


(b) 


Figure (61) VNS (1st run) Group 1 
Drain Characteristics 
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r 



i 



VERT: 20MA/PIV. 
HORI: 20V/D1V 

BV^SS ^ 200V 


(b) 


Figure (62) VNS (1st run) Group 2 (wAFER'*^3) 
Drain Characteristics 
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TABLE V 


VMS CHARACTERIZATION in TO- 3 
group 1 


TEST 

1 

4 

5 

7 

UNITS 

TEST 

CONDITIONS 

bvdss 

no 

109 

96 

116 

Vol ts 

VGS=0,Iu=150mA 

ISB 

150 

150 

300 

170 

mA 

Vgs=o.Vus=bvdss 

f'DS(on) 

- 

0. 119 

0. 119 
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This part has a "fixed" G-S short. 


98 



I>S(oh) 



Figure (66) VNS 'ON' Resistance vs 
Gate-Source Voltage 


99 




wfvr 


Input: Vert. 5V/div. 

Hori. lOOns/div, 

Output: Vert. lOV/div. 

Hori, lOOns/div, 


Pig. (68) VHS Switching waveform 
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One VNS device packayed in TO-3 usiny 
10-mil Wire (Othodyne Electronics i'lodel ZQ) 


SEN of VNS packayed in TO-3 
Figure (69) 


6.0 CONCLUSIONS AND SUGGESTIONS FUR FUTURE NORK 


By use of a test pattern (VNTK), a new layout and 
basic processing technique to fabricate poly-gate VHOS 
pov/er FETs has been explored and found to be highly 
feasible. An experimental device (VNS) was designed; 
and the initial results confirmed that the new device is 
capable of low 'ON' resistance, high current, as well as 
high voltage and fast switching speeds. 


'UN' resistance: The poly-gate K-structure based on 
the ‘three-1 ay er-conduct ion' concept, has resulted in 
extremely high packing density. This high packing 
density, in turn gives low 'ON' resistance. The layout 
concept is capable of still lower 'UN' resistance if we 
are willing to accept higher Cpss psr unit area. 


Current : Because of the high packing density, the 

new layout gives very high g^ per unit area. This 
has resulted in high drain current. The nevj structure 
not only can deliver high current, but also can conduct 
the current without having to run into current density 
problem. This is accomplished by having the source 
metal covering practically the entire chip surface. 


Voltage: Another way to lower the 'ON' resistance 
is to increase the pn junction breakdown voltage 
efficiency. The new field-plated groove termination is 
an effective way to relieve the electric field in the 
peripheral area. It has been found (by experiment) that 
the new termination can achieve 450V with close to 80% 
breakdown efficiency. 


Svyitchinq Speed: By using tfie gate bus bar, no 

appreciable delay has been found with polysilicon gate 
of moderate sheet resistance (40-60i2/a). With a pulse 
generator of 50n source impedance, 75 to 100 ns of 
turn-off time has been achieved. With lower source 

impedance such as 8n, it is possible to achieve 
toff in abcait 50 nano seconds. The major 

trade-off is 'UN' resistance. Therefore depending on 
market and application, the device can be optimized for 
either 'ON* resistance or switching speed. 


Power Handling Capability; By virtue of its high 


103 


packing density the new poly-gate power FETs can handle 
higher power density than the metal-gate interdigitated- 
structure VMUS FETs. In fact, it is competing very 
aggressively with bipolar power transistors in this 
area. With proper design layout and process, the 
forv/ard-bi ased second breakdown we often see in 
bipolars, is practically non-existent. The device is 
capable of delivering high current (in lO's of amperes) 
out to the avalanche breakdown voltage (in lOO's of 
volts) simultaneously. The UN-state U.C. power 
dissipation of the new device, as it has been developed 
today, is still about twice that of equivalently-sized 
bipolar at room temperature. However, since the VMOS 
FET can switch ten times faster, (with a commutation 
time in the lO's of nano-second range,) we can use the 
new FET to switch power in the kilowatt range. 


FUTURE WORK: 


This development, rather than being an end in 
itself, opens up a new avenue for further improvement. 
The suggested future work involves: 


1. Increase breakdown voltage to kilovolt range. 

2. Understand 2nd-order effects of VMOS power 
FETs. 


3. Develop new packaging technology to take full 
advantage of the high current that the device 
can del i ver . 
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APPENDIX A 


'''drift Equation Formulation 


The calculation of the resistance in the drift 
region was rather complex because of the current 
spreading effect which was complicated by the surface 
accumulation layer underneath the V-groove. However, by 
making some reasonable assumptions, it was found that a 
simple equation could be formulated which predicted the 
rdrift and hence the rus(on). with less than ± 
error within the range of V(^s and V-groove widths 
that we're interested. The following is a brief 
derivation: 


For low Vqs, rnsfonl 

dominated by what goes on' irt rchannel- 
When the device was turned on with a 
relatively high V(is. >"channel 9 oes 

down and rdrift becomes important. Under 
this condition, the epi region underneath the 
V-groove was heavily accumulated. For a first 
approximation, we assumed that the region was 
a constant potential plane (this assumption 
was found to be valid for the V-groove width 
of interest i.e., .2 to .4 mil. Beyond this 
range, the series resistance for this region 
was appreciable so it could not be ignored.) 
Again, because the substrate was heavily doped 
to approximately .Olfi- cm, we assumed that 
little voltage drop occurred in this region. 
Therefore, we said that the n- n+ interface 
was also a constant potential plane. Thus, to 
calculate an approximate value for the 

•"drift component the problem was 
simplified to calculating the spreading 

resistance of a slab of semiconductor material 
with a multiple 'source' electrodes on one 
surface and a n electrode covering entirely 
the other surface. One more simplification 
was made; the boundary of the spreading 
resistance 'cone' was at a 45° angle to the 
plane surface. (See Figure (70)) 
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r : 


n'epi PRIFT *={> 






Figure (70) Simplification of Spreading 
Resistance in drift (epi) region 
ab and £d are Assumed To Be 
Equ i potenti al Lines 


Therefore, we reduced the rdp-jft calculation to 
a trapesoidal approximation. 


The derivation was then straight forward. We shall 
do the following two structures: 


1. I n terd i g i tated Structure 

2. K-Structure (one basic cell) 
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1. ) I nterdigi tated Structure: 



Figure (71) Drift Region of 
Interd i g i tated Structure 


Cross-sectional area equation: 


A(t) = (X 2 + 2tan 9t,) (Y 2 + 2tan 9t,) (A) 


dt, 

^ i^drift “ P — ; — ~ (^) 

A(t) 


I n tergrati ng : 


>^dri ft 



t, 


dt, 


{X 2 + 2tan 9t|) (Y 2 + 2tan 9t,) 
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p 


X 


\ 2 tan 9 (X 2 - Hz) 

(2 tan 9t, + Y 2 ) Y 2 N 

zn - (C) 

(2 tan 0t, + X 2 ) X2 / 

Equation C was general for all angles iJ. For the 
first approximation 9 can be assumed to be 45°. Since 
tan 45° = 1, equation C becomes: 



P / ^t, + Y2 

rdrift = iin 

2(X2-Y2) V 2t, + X2 



(U) 


2.) K-Structure (one basic cell) 







Figure (72) Drift Region of 
K-Structure (one basic cell) 
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Area = - (b-2 tan Qt,)^ 


= (a + b - 1 tan 9tj) (a - b + tan 9t|) 


^•^drift ~ 




(a+b - 2 tan 9t,)(a-b + 2 tan 9t,) 


Integrating from t, = 0 to t, = t,. 
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AP PE MU IX B 


t: 

Formulation of I[)S(sat) Equation: 


VJith the application of drain voltaye, the 
depletion layer between the body and the drain extended 
primarily into the drift region. Therefore, we assumed 
that the substrate charge (Q^) remained fairly 
constant. Using the simplified version of the standard 
MOS equation, we get 


W f \ 

Ids = n Co — ((Vgs - vj) - — — I Vqs (e ) 

Because the channel length {i) was short 

(approximately Z\i ), scattering limited velocity of the 
channel carriers was reached at some moderate drain 
voltage (Vos(crit)) or. 


Vos = Vos(crit) 


VuS{crit) 

I 


~ Ecri t 


w Ecrit = y* sot (which is scattering limited 
' velocity of carriers) 


Equation (E) becomes: 


luS(sat) = Cq W y' 


sat 


vgs “(vt 


VqS ( cri t) 


(F) 
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